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AA 189-bp Repeat Region within the Human Cytomegalovirus Replication Origin Contains
a Sequence Dispensable but Irreplaceable with Other Sequences
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The human cytomegalovirus (HCMV) replication origin exhibits a strain-dependent difference in the number of copies of
a 189-bp region: the AD169 and Towne strains contain one and three copies of the region, respectively. A nearly complete
deletion of the 189-bp repeat region of the Towne strain does not eliminate the origin’s ability to initiate DNA synthesis. Here
we report that the replication ability of the HCMV replication origin in infected cells disappeared after replacements of an
internal sequence (152 bp) of the 189-bp repeat region with l DNA of identical and different lengths as well as after
introduction of multiple nucleotide substitutions within the 152-bp internal sequence of the 189-bp repeat. In contrast, a
variation in the copy number of 189-bp region (either one or two copies) or an inversion of the 152-bp internal sequence of
the 189-bp repeat maintained replication abilities similar to those of the wild-type origin of the Towne strain. These results
indicate that the 189-bp repeat region within the HCMV replication origin is not just a dispensable spacer sequence but
instead contains an irreplaceable sequence that may play a supporting role in HCMV DNA replication. © 1999 Academic Pressb
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TINTRODUCTION
The lytic-phase replication origin, oriLyt, of human
ytomegalovirus (HCMV) is localized near the 0.4 MU of
he 230-kb genome (Anders and Punturieri, 1991; Anders
t al., 1992; Hamzeh et al., 1990; Masse et al., 1992;
atanabe and Yamaguchi, 1993). The HCMV oriLyt is
arger and has a more complex structure than the repli-
ation origins of other herpesviruses, such as herpes
implex virus (Deb and Doelberg, 1988; Hardwicke and
chaffer, 1995; Knopf et al., 1986; Lockshon and Gallo-
ay, 1986, 1988; Stow and McMonagle, 1983; Weller et
l., 1985), varicella zoster virus (Stow and Davison, 1986;
tow et al., 1990), and human herpesvirus 6 (Dewhurst et
l., 1993, 1994; Inoue et al., 1994; Inoue and Pellett, 1995).
In both size and complexity, the HCMV oriLyt is similar
o both the Epstein-Barr virus (EBV) oriP and the EBV
riLyt (Hammerschmidt and Sugden, 1988; Reisman et
l., 1985; Yates et al., 1984, 1985). The EBV oriP contains
wo components separated by a 960-bp sequence (Reis-
an et al., 1985). The 960-bp sequence can be deleted or
eplaced by bacteriophage l DNA without eliminating
he oriP activity (Reisman et al., 1985). The EBV oriLyt is
lso composed of two components separated by a non-
ssential fragment of 263 bp (Hammerschmidt and Sug-
en, 1988). Such a spacer region, which can be replaced
1 To whom correspondence and reprint requests should be ad-
ressed at Department of Microbiology and Immunology, Stanford
niversity School of Medicine, Stanford, CA 94305-5402. Fax: 1-650-
47-9927. E-mail: shinyaw1@pobox3.stanford.edu.042-6822/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
240y other sequences, has not yet been identified in the
CMV oriLyt.
Previously, we have reported the nucleotide sequence
f the HCMV oriLyt of the Towne strain and have ob-
erved a notable difference between the Towne and
D169 strains: the 189-bp region in AD169 (nt 93337–
3525) is repeated three times in Towne (Chen et al.,
996). A transient replication assay revealed that repli-
ation ability persists after a nearly complete deletion of
he 189-bp repeat region (a 530-bp BamHI–BamHI frag-
ent of 561 bp) (Chen et al., 1996). These findings sug-
est that the 189-bp repeat region may contain a se-
uence nonessential for replication. In our previous
tudy, we did not analyze the mutant oriLyt with the
89-bp region replaced by other DNA sequences. There-
ore, to conclude whether the 189-bp repeat is a nones-
ential spacing sequence similar to the spacer se-
uences found in the EBV replication origins and to
valuate the functions of subregions of the HCMV oriLyt,
t was necessary to investigate the replication abilities of
eplacement mutants for the 189-bp region in the HCMV
riLyt.
In the present study, we demonstrate that both re-
lacement of an internal sequence of 152 bp within the
89-bp repeat region with l DNA and introduction of
ultiple nucleotide substitutions within the 152-bp inter-
al sequence do abolish the ability of the HCMV oriLyt to
eplicate in HCMV-infected cells. In contrast, a variation
n the copy number of the 189-bp repeat and an inversion
f the internal sequence within the 189-bp sequence
aintain replication ability similar to that of the wild type.
he 152-bp inner sequence appears to play supporting
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241AN IRREPLACEABLE SEQUENCE WITHIN THE HCMV oriLytole in DNA replication of the HCMV genome and it can
ct even when inverted.
RESULTS
eplacement of the 189-bp repeat region
We have previously demonstrated that the Towne
train oriLyt maintains its replication ability when there is
n internal deletion of the 189-bp repeat region (Wa-
anabe and Yamaguchi, 1993). To investigate whether the
89-bp repeat region contains a spacer sequence that
an be replaced with other DNA sequences, we gener-
ted mutant plasmids containing l DNAs replacing a
30-bp BamHI–BamHI fragment within the 189-bp repeat
egion of the Towne strain oriLyt. Figure 1 shows sche-
atic representations of the mutants. pUCdA60-
8-236DB/B-CZ12, pUCdA60-18-236DB/B-CZ13, and
UCdA60-18-236DB/B-CZ14 contain l DNAs whose
engths correspond exactly to the BamHI–BamHI frag-
ents within one, two, and three copies of the 189-bp
equence, respectively. pUCdA60-18-236DB/B-651 and
UCdA60-18-236DB/B-2392 contained 651- and 2392-bp
equences, respectively, whose lengths did not corre-
pond to any copy of the 189-bp sequence. Figure 2
hows the results from the replication assays of these
eplacement mutants. We could not detect a significant
umber of colonies from the DpnI-digested samples of
ny of the mutants compared to those from MboI-di-
ested and untreated samples. These results indicate
hat replacement of the internal sequence of the 189-bp
epeat region eliminates the replication ability of the
FIG. 1. Schematic representations of replacement mutants. pUC60-
8-236DB/B-651 (A), pUC60-18-236DB/B-2392 (B), pUC60-18-236DB/B-
Z12 (C), pUC60-18-DB/B-CZ13 (D), and pUC60-18-236DB/B-CZ14 (E)
ontain 651-, 2392-, 152-, 341-, and 530-bp l DNA at the BamHI site of
UC60-18-236DB/B, respectively. pUCdA60-18-236DB/B lacks a BamHI/
amHI fragment within the 189-bp repeat unit. Arrows and asterisks
ndicate the 189-bp repeat units and BamHI sites, respectively.CMV oriLyt even when the replacement sequences are
dentical length.
variation in the copy number of the 189-bp repeat
To investigate whether the copy number of the 189-bp
epeat region correlates with the replication efficiency of
he HCMV oriLyt, we generated a variation in the copy
umber of the 189-bp repeat. Using an intramolecular
omologous recombination of plasmid DNA which oc-
urred spontaneously during propagation in bacteria, we
btained derivatives of the Towne strain oriLyt containing
ne and two copies of the 189-bp repeat, respectively
Figs. 3C and 3B). Figure 4 shows the replication assays
f these constructs. Among these constructs, the num-
ers of ampicillin-resistant colonies obtained after DpnI
igestion of samples were greater than those of tetracy-
line-resistant colonies, and the ratios of the colony
umbers after DpnI digestion to those after MboI diges-
ion or no treatment were similar to one another. These
esults indicate that the replication efficiency of the mu-
ant plasmids containing one and two copies of the
89-bp repeat is similar to that of the wild-type oriLyt
ontaining three copies of the 189-bp repeat.
nversion of an internal sequence within the 189-bp
egion
To investigate the role of the internal sequence within
he 189-bp unit, we converted the mutant containing a
ingle copy of the 189-bp repeat to a mutant containing
n inverted 152-bp BamHI–BamHI fragment as an inter-
al sequence (Fig. 5A). Figure 5B shows the results of
eplication assays of the inverted mutant. The inverted
utant was able to replicate in the HCMV-infected cells
ust as it did before the inversion. These results indicate
hat an inversion of the internal sequence within the
89-bp repeat unit does not affect the ability to replicate
n HCMV-infected cells.
he boundaries of the HCMV oriLyt
In our previous experiments, either a 1.5-kb deletion
rom the AatII end or a 0.9-kb deletion from the SacI end
bolished the replication ability of the HCMV oriLyt
Chen et al., 1996). These findings imply that the bound-
ries of the HCMV oriLyt lie within both of the regions
utside the 189-bp repeat region. To further analyze the
oundaries of the HCMV oriLyt and to confirm that the
89-bp repeat region exists inside these boundaries, we
enerated deletion mutants from each end of the oriLyt
ore finely than in our previous work. Figure 6 shows a
chematic representation of the constructed deletion
utants. Figure 7 demonstrates the replication assays
or these mutants. Mutants lacking 933- and 1160-bp
equences from the AatII end, respectively, replicated in
he HCMV-infected cells. Mutants lacking 383- and
89-bp sequences from the SacI end, respectively, also
eplicated. As negative controls, we simultaneously car-
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242 CHEN, SUGANO, AND WATANABEied out the replication assay for two oriLyt mutants,
UCdA60-18-215 and pUCdA60-18-561, which were used
n our previous work (Chen et al., 1996). We could not
etect replication of these mutants in the HCMV-infected
ells reproducibly (data not shown). These results con-
FIG. 2. Replication assay of the replacement mutants. The replicatio
-651 (A), pUCdA60-18-236DB/B-2392 (B), pUCdA60-18-236DB/B-CZ1
espectively. The assay was repeated twice for each construct (experi
olid and hatched bars indicate the colony numbers on ampicillin andirm that both regions outside the 189-bp repeat region
re essential for the efficient replication of the HCMV
riLyt-containing plasmid in HCMV-infected cells, sug-
esting that the minimal requirement for efficient repli-
ation in the Towne strain lies within a 2803-bp region.
y was performed twice (experiments 1 and 2) for pUCdA60-18-236DB/
UCdA60-18-236DB/B-CZ13 (D), and pUCdA60-18-236DB/B-CZ14 (E),
1 and 2) with the procedure described under Materials and Methods.
ycline plates, respectively.n assa
2 (C), p
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243AN IRREPLACEABLE SEQUENCE WITHIN THE HCMV oriLytntroduction of multiple nucleotide substitutions within
he internal 152-bp region of the 189-bp sequence
Finally, to scrutinize features of the internal 152-bp
egion of the 189-bp sequence at the nucleotide se-
uence level and to rule out the possibility that the l
NA used as replacement fragments might contain a
equence which functions harmfully for DNA replication,
e generated mutants containing multiple nucleotide
ubstitutions within the 152-bp internal region using syn-
hetic oligonucleotides. The 152-bp region contains sev-
ral putative palindromic sequences, as shown in Fig.
A, and a predicted large palindrome comprising over
00 bp, as reported previously (Anders et al., 1992). We
aid attention to these palindromic features of the 189-bp
equence; we designed the substitution not to permit to
orm any putative palindrome structures of at least 10 bp
ithin the 152-bp sequence. Moreover, we sought to
esign the substituted nucleotides so as not to alter the
C content of the 152-bp region drastically. Eventually,
e introduced a total of 50 nucleotide substitutions into
he 152-bp sequence. Using the substitution mutants
Fig. 8B), we performed the replication assay and ob-
ained results similar to those with the replacement mu-
ants which have l DNA of identical lengths, instead of
he 152-bp internal sequence; no ampicillin-resistant col-
ny was obtained from DpnI-digested samples and com-
arable numbers of ampicillin-resistant colonies from
oth MboI-digested and untreated samples (Fig. 8C).
hese results indicate that the 50-nucleotide substitu-
ions introduced into the 152-bp region of the 189-bp
equence did not allow the oriLyt to replicate in HCMV-
nfected cells, suggesting that the palindromic features
f the nucleotide sequence of the 152-bp region may be
nvolved in a role that facilitates the replication ability of
FIG. 3. Schematic representation of mutants containing a variation in
ontaining the wild-type replication origin of the Towne strain. (B) pUCd
UCdA60-18-236D2x189, a mutant containing a single copy of the 189-
nits, respectively.the number of 189-bp repeat region copies. (A) pUCdA60-18-236, a construct
A60-18-236D1x189, a mutant containing two copies of the 189-bp repeat. (C)
bp repeat. Asterisks and arrows indicate BamHI sites and the 189-bp repeatFIG. 4. Replication assay of the mutant containing a variation in the
umber of 189-bp repeat region copies. (A) pUCdA60-18-236, the con-
truct containing the wild-type replication origin of the Towne strain. (B)
UCdA60-18-236D1x189, the mutant containing two copies of the
89-bp repeat. (C) pUCdA60-18-236D2x189, the mutant containing a
ingle copy of the 189-bp repeat. The assay was repeated twice for
ach construct (experiments 1 and 2) with the procedure described
nder Materials and Methods. Solid and hatched bars indicate the
olony numbers on the ampicillin and tetracycline plates, respectively.
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244 CHEN, SUGANO, AND WATANABEhe HCMV oriLyt. Furthermore, these results indicate that
he negative findings obtained from the replacement
utants of identical lengths were not due to an effect of
sequence-specific inhibitory function of the l DNA
sed as the replacement fragments.
DISCUSSION
We have demonstrated here that a 189-bp repeat re-
ion within the HCMV oriLyt, which shows a strain-
ependent variation in the number of repeat copies,
ontains a 152-bp inner sequence irreplaceable with
ther DNA even in the identical nucleotide length. In
ddition, alteration of the number of repeats of the
89-bp and inversion of direction of the 152-bp inner
equence did not affect replication ability of oriLyt-con-
aining plasmids in HCMV-infected cells.
In a previous study, we showed that a nearly complete
eletion of the 189-bp repeat region in the Towne strain
riLyt does not eliminate the ability to replicate within
CMV-infected cells (Chen et al., 1996). This finding
ndicates that the 189-bp region contains just a spacer
FIG. 5. Inversion of an inner sequence of the 189-bp repeat unit. (A)
chematic representation of a mutant containing an inverted inner
equence of the 189-bp repeat unit. Solid arrows show the 189-bp
epeat unit. Open arrows indicate inner sequences of 152 bp within the
89-bp unit. pUCdA60-18-236B/B-R contains the inner sequence in the
nverted direction against the wild type. (B) A replication assay of the
utant containing the inverted inner sequence of the 189-bp repeat unit
as performed twice (experiments 1 and 2) with the procedure de-
cribed under Materials and Methods. Solid and hatched bars indicate
he colony numbers on the ampicillin and tetracycline plates, respec-
ively.equence like those found in the EBV oriP and oriLyt,
hich can be deleted from the replication origins, sug-
esting that the inner sequence of the 189-bp repeat
oes not play an essential role within at least lyticaly
nfected fibroblast cells. However, the inner sequence of
he 189-bp repeat within the HCMV oriLyt exhibited char-
cteristics apparently distinguishable from the spacer
FIG. 6. Schematic representations of deletion mutants. pUCdA60-18-
36, pUCdA60-18-215, and pUCdA60-18-561 were assayed in our pre-
ious study (Chen et al., 1996), which contain deletions of 73 bp from
he AatII end, 1485 bp from the AatII end, and 896 bp from the SacI end,
espectively. pUCdA60-18-106 and pUCdA60-18-64 lack 932- and
159-bp regions from the AatII end, respectively. pUCdA60-18-661 and
UCdA60-18-549 contain 356- and 689-bp deletions from the SacI end,
espectively. An open box indicates the minimal region of the Towne
train. Arrows show the 189-repeat units. Asterisks indicate BamHI
ites.
FIG. 7. Replication assay of the deletion mutants. Replication assays
ere performed for pUCdA60-18-106 (A), pUCdA60-18-64 (B), pUCdA60-
8-661 (C), and pUCdA60-18-549 (D). Solid and hatched bars indicate
he colony numbers on ampicillin and tetracycline plates, respectively.
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245AN IRREPLACEABLE SEQUENCE WITHIN THE HCMV oriLytFIG. 8. Replication assays of mutants containing multiple nucleotide substitutions within the 152-bp region. (A) The top line of sequences shows
he nucleotide sequence of the 189-bp region of the stain Towne oriLyt. The bottom line shows a mutated nucleotide sequence; a bold small letter
nd a dash indicate substituted and unchanged nucleotides, respectively. Of the 152 nucleotides, 50 were substituted as shown. A bar beneath the
ucleotide sequence shows a putative palindromic sequence of at least 10 bp in length that exhibits over 75% matching. (B) Schematic representation
f the multiple substitution mutants. pUCdA60-18-236D2x189-mut1 contains the mutated 152-bp sequence in the same direction as the wild type.
UCdA60-18-236D2x189-mut1R contains the mutant sequence in the inverted direction. An solid arrow indicates the 189-bp sequence. An open arrow
hows the direction of the mutated 152-bp sequence. These two mutant plasmids were constructed by insertion of the mutated 152-bp fragment into
he BamHI site of pUCdA60-18-236DB/B. (C) Replication assays of pUCdA60-18-236D2x189-mut1 and pUCdA60-18-236D2x189-mut1R were performed
imultaneously with pUCdA60-18-236, which contains three copies of the 189-bp sequence, and pUCdA60-18-236D2x189, which has a single copy
f the 189-bp sequence, as positive controls for replication. The whole set of assays was independently repeated twice (experiments 1 and 2). Solid
nd hatched bars indicate the colony numbers on ampicillin and tetracycline plates, respectively.
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246 CHEN, SUGANO, AND WATANABEequence within the EBV oriP and oriLyt; substitution of
he inner sequence eliminated the ability to replicate.
hese results suggest that the dispensable inner se-
uence within the 189-bp repeat region may play a role
upporting the replication ability of the HCMV oriLyt.
As one of the characteristics of the 152-bp inner se-
uence of the 189-bp repeat within the HCMV oriLyt, we
ave noted that an inversion of the inner sequence does
ot affect the replication ability of the HCMV oriLyt.
reviously, Anders et al. reported that a region corre-
ponding to the inner sequence of the 189-bp region of
he AD169 strain has a potential to form a 116-bp palin-
romic structure (Anders et al., 1992). Since palindromic
NA shows the identical sequence after inversion of
irection, it is likely that the palindromic structure con-
isting of the 152-bp inner sequence may be involved in
he supporting role that was still able to function even
fter its inversion.
We and others have previously shown that the bound-
ries of the HCMV oriLyt lie outside the 189-bp repeat
egion (Anders et al., 1992; Masse et al., 1992). In this
tudy, we have confirmed these findings using additional
eletion mutants of the HCMV oriLyt. The results pre-
ented here reproducibly indicate that at least two es-
ential regions are present and they are separated by
he 189-bp repeat region. The two essential regions
ould function with spatial separation by the repeat of
he 189-bp sequence, irrespective of the number of re-
eat copies, exhibiting similar replication efficiency in
CMV-infected cells.
Taken together with the previous findings, the results
resented here lead us to propose a model of the HCMV
riLyt, particularly for spatial arrangement of the two
ssential regions outside the 189-bp repeat region. In
his model, we hypothesize that the two essential re-
ions may be able to function efficiently only when they
re closely localized. This hypothesis is based on the
inding that the two essential regions did not function as
he replication origin after spatial separation with DNA
equences, except the 189-bp repeat sequence, irre-
pective of the number of copy. Moreover, we speculate
hat in the wild-type HCMV oriLyt, a palindromic feature
f the 189-bp sequence could help to generate the
losely localized arrangement of the two essential re-
ions by forming a cruciform structure. We assume that
his closely localized arrangement may be roughly equiv-
lent to an arrangement of the two essential regions
fter the nearly complete deletion of the 189-bp region.
hen the number of copies of the 189-bp repeat could
lter, the size of the cruciform structure should also
hange proportionally, due to the palindromic character-
stic of the 189-bp sequence. Nevertheless, the alteration
f the size of the cruciform structure might not drastically
ffect the closely localized arrangement of the two es-
ential regions. The nucleotide sequences of the re-
lacement fragments for the internal region of the 189-bp
epeat used in this study do not exhibit any apparentalindromic features (data not shown). Thus, the replace-
ent mutants used in this study might not replicate
fficiently in HCMV-infected cells, due to impairment of
ormation of the closely localized arrangement of the two
ssential regions outside the 189-bp repeat region.
To test the hypothesis described above, we eventually
onducted transient replication assays using the mu-
ants that contain multiple nucleotide substitutions within
he internal 152-bp region of the 189-bp sequence. These
ultiple nucleotide substitutions that we generated in
he present study do not permit us to form any palin-
romic structures of at least 10 bp within the 152-bp
egion or the putative large palindromic configuration
eported previously (Anders et al., 1992). These substitu-
ions completely abrogated the replication ability of the
CMV oriLyt-containing plasmid in HCMV-infected cells.
hese results were equivalent to those obtained with the
utants which have replacements with totally different
equences derived from l DNA. This means that the
ubstitutions (50 of 152 bp) are sufficient to abolish the
eplication ability of the HCMV oriLyt. These lines of
vidence partially support our speculation that the pal-
ndromic feature of the 152-bp region within the 189-bp
equence at the nucleotide sequence level may be in-
olved in a role that facilitates HCMV DNA replication.
evertheless, to fully prove our hypothesis, several kinds
f further experiments are required, including generation
nd examination of much more discriminating substitu-
ion mutants as well as introduction of an artificial pal-
ndromic sequence instead of the 152-bp region within
he 189-bp sequence.
The results presented here also indicate that the
52-bp internal sequence of the 189-bp repeat is not just
spacer sequence that can be substituted with other
NA sequences, such as the spacer regions found in the
BV replication origins (Reisman et al., 1985). A subre-
ion within replication origins similar to the 189-bp re-
eat region has not yet been identified in other herpes-
iruses. Therefore, it appears to be worthwhile for eluci-
ating molecular mechanisms specific for HCMV
eplication to investigate the function of the irreplaceable
89-bp repeat region, particularly in its contribution to
nitiation of DNA replication of the HCMV genome by
patial arrangement of the essential regions within the
CMV oriLyt.
Recently, Prichard et al. reported the presence of
NA–DNA hybrids within the HCMV oriLyt, suggesting
hat the hybrids may play a role that facilitates an early or
irst phase of DNA synthesis (Prichard et al., 1998). The
NA–DNA hybrids that they found lie within the following
wo regions: nt 92636–93513 and nt 93799–94631 of the
enome of strain AD169. These two regions indeed cor-
espond to the minimal essential regions confirmed in
his study and residing outside the 189-bp sequence of
train AD169 (nt 93337–93525). In addition, the left end of
he 189-bp sequence partially overlaps with one of the
ybrid regions. Thus, it appears to be likely that the
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247AN IRREPLACEABLE SEQUENCE WITHIN THE HCMV oriLyt89-bp sequence might be associated with a role played
y the regions that can form the RNA–DNA hybrids,
specially in the initiation of DNA replication.
In conclusion, the 189-bp repeat region within the
CMV oriLyt contains sequences which can be deleted
ut cannot be replaced with other sequences without
liminating the origin function.
MATERIALS AND METHODS
ells and virus
Human embryonic lung (HEL) cells were maintained in
agle’s minimal essential medium containing 10% calf
erum. The HCMV Towne strain was propagated in HEL
ells (Watanabe and Yamaguchi, 1993).
lasmid construction
pUCdA60-18 contained the oriLyt of the Towne strain
s an AatII–HindIII fragment of pdA60-18 (Watanabe and
amaguchi, 1993). pUCdA60-18-236 was derived from
UCdA60-18 by a 73-bp exonuclease III deletion from the
atII end. pUCdA60-18-236DB/B was derived from
UCdA60-18-236 by BamHI digestion and subsequent
elf-ligation.
pUCdA60-18-236D2x189 and pUCdA60-18-236D1x189,
hich contain a single and two copies of the 189-bp
epeat region, respectively, were obtained from
UCdA60-18-236 by spontaneous deletions resulted
rom homologous recombination during propagation in
acteria.
pUCdA60-18-236DB/B-651 was constructed by inser-
ion of a 651-bp BglII–BglII fragment of l DNA (which
orresponds to nt 35711–36361) into the BamHI site of
UCdA60-18-236DB/B. pUCdA60-18DB/B-2392 was gen-
rated by insertion of a 2392-bp BglII–BglII fragment of l
NA (nt 38103–40494) into the BamHI site of pUCdA60-
8-236DB/B.
To construct pUCdA60-18-236DB/B-CZ12, a 152-bp
ragment of l DNA was amplified by PCR with the fol-
owing primers: 59-GGC GGA TCC CCT TCG AAG GA-39
nd 59-GGC AGA TCT TCA ATG AAG GAA ACA CT TG-39;
he BamHI and BglII sites were incorporated into these
rimers, respectively. To construct pUCdA60-18-236DB/
-CZ13, a 341-bp fragment of l DNA was amplified with
he following primers: 59-GGC GGA TCC CCT TCG AAG
A-39 and 59-GCC AGA TCT GCA GCA GAA TCA TCA
CA TG-39; the BamHI and BglII sites were incorporated
nto these primers, respectively. To construct pUCdA60-
8-236DB/B-CZ14, a 530-bp fragment of l DNA was am-
lified by PCR with the following primers: 59-GGC GGA
CC CCT TCG AAG GA-39 and 59-GCC AGA TCT CTC
AT GGA TAC ATA GAC G-39; the BamHI and BglII sites
ere incorporated into these primers, respectively. PCR
as performed under the following conditions: the reac-
ion mixture consisted of about 1 mg of template DNA, 50
M KCl, 10 mM Tris–HCl (pH 9.0 at 25°C), 1.5 mM MgCl2,.01% gelatin (wt/vol), 0.1% Triton X-100, 0.2 mM dNTP, 0.4
M each primer, and 2.5 units of Taq DNA polymerase
Takara, Kyoto), with a final volume of 50 ml; the amplifi-
ation cycle consisted of preheating at 94°C for 3 min,
enaturation at 94°C for 1 min, annealing at 55°C for 2
in, and extension at 72°C for 2 min, with the cycle
eing repeated 30 times. The PCR products were di-
ested with BamHI and BglII and cloned into BamHI-
igested pUCdA60-18-236DB/B.
To construct pUCdA60-18-236B/B-R, a 152-bp fragment
as amplified from pUCdA60-18-236D2x189 by PCR with
he following primers: 59-CCG AGA TCT CTC GCT GCT
CC GGC-39 and 59-GGC GGG CCG GGA AGG GGA
CT-39; the BglII and BamHI sites were incorporated into
hese primers, respectively. PCR was performed under
he following conditions: the reaction mixture described
bove contained approximately 1 ng of template DNA;
he amplification cycle consisted of preheating at 94°C
or 3 min, denaturation at 94°C for 2 min, annealing at
5°C for 3 min, and extension at 72°C for 4 min, with the
ycle being repeated 30 times. The PCR product was
igested with BamHI and BglII and cloned into BamHI-
igested pUCdA60-18-236DB/B.
pUCdA60-18-106 and pUCdA60-18-64 were con-
tructed from pUCdA60-18 by 933- and 1160-bp exonu-
lease III deletions, respectively, from the left end.
UCdA60-18-661 and pUCdA60-18-549 were generated
rom pUCdA60-18 by 383- and 689-bp exonuclease III
eletions, respectively, from the right end.
pHY300PLKDAmp was derived from pHY300PLK
Takara) by deletion of an SspI–BanI fragment containing
he ampicillin-resistant gene (Chen et al., 1996).
The nucleotide sequences of the fragments amplified
y PCR and exonuclease III deletions were determined
y the dideoxy method in an A. L. F. DNA sequencer
Pharmacia). Fluorescein-labeled sequencing primers for
he pUC18 vector were used (Pharmacia).
To construct pUCdA60-18-236D2x189-mut1 and
UCdA60-18-236D2x189-mut1R, a 152-bp sequence de-
ivative was generated by annealing and extension of the
ollowing primers: 152-1, 59-GAG AGA TCT GTC CCT GCA
TC GCG CCC CTC CTC AGT CTT CTC GGT CCA-39;
52-2, 59-CTC GGT CCA CCT GCG GCG GAA CGG ACG
GT AAC AGT GTG CTC GCC CTT CA-39; 152-3, 59-TAG
CC CTT TTG TGA CAC AGC TCT CTG TGG TGT GAT
TG AAG GGC GAG CA-39; and 152-4, 59-GAG GGA TCC
AC CTC GCC CTG CCC CCT ACG AGC CTA GGT AGC
CC TTT TG-39. First, primers 152-2 and 152-3 were
nnealed and subjected to primer extension with an
dvantage cDNA PCR kit (Clontech, CA). Second, prim-
rs 152-1 and 152-4 were added to a small aliquot of the
roduct of primers 152-2 and 152-3 and subjected to the
econd round of annealing and primer extension. The
inal primer extension product was digested with BamHI
nd BglII, purified from an agarose gel after electro-
horesis, and subsequently cloned into the BamHI site of
UCdA60-18-236DB/B. After cloning, the direction of the
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248 CHEN, SUGANO, AND WATANABEnserted sequence was determined by restriction analy-
is. The nucleotide sequence of the mutant 152-bp re-
ion within the construct was confirmed by sequencing.
NA replication assay
The replication assay was performed as previously
escribed in detail (Chen et al., 1996). Briefly, 1 mg of
eporter DNA containing the HCMV oriLyt derivatives
nd 10 mg of pHY300PLKDAmp, used as a control for
fficiency of transfection and DpnI digestion, were co-
ransfected by electroporation with a Gene Pulser (BIO-
AD Japan, Tokyo) under a pulse condition of 0.21 kV and
60 mF. The transfected cells were superinfected with
he HCMV Towne strain 4 h after electroporation. Five
ays after infection, the total amount of DNA was ex-
racted and purified. An aliquot of the purified DNA
1
5 volume) was digested with HindIII, which cleaves both
he reporter and the control plasmids at a single site. The
indIII-digested plasmids were self-ligated, divided into
hree fractions, and subsequently incubated with DpnI,
boI, or bovine serum albumin (BSA), respectively.
hese digested fractions were introduced into compe-
ent bacteria (DH5a) by electroporation. The transformed
acteria were plated on both ampicillin and tetracycline
lates. The number of colonies on the selection plates
ere counted after overnight incubation. The numbers of
mpicillin-resistant colonies obtained from the DpnI-, the
boI-, and the BSA-treated samples should represent
he amount of replicated, nonreplicated (originally intro-
uced into cells), and the sum of both kinds of DNA,
espectively. On the other hand, the number of tetracy-
line-resistant colonies from the DpnI- or the MboI- and
he BSA-treated samples should indicate the amount of
ontrol plasmids escaping from the DpnI digestion or
nitially introduced cells, respectively.
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